We conclude that renal nerve input plays no significant role in the control of the EPO gene under both basal and stimulated conditions. renal denervation; ribonuclease protection; radioimmunoassay; histochemistry PRODUCTION of the glycoprotein hormone erythropoietin (EPO) is inversely correlated with the oxygen content of arterial blood (19). The main sites of EPO formation are the kidneys and to a lesser extent the liver. The major control of EPO formation has been shown to operate at the level of its mRNA (6, 8, 13,33). However, the mechanisms through which changes in oxygen availability determine EPO mRNA levels are incompletely understood.
renal denervation; ribonuclease protection; radioimmunoassay; histochemistry PRODUCTION of the glycoprotein hormone erythropoietin (EPO) is inversely correlated with the oxygen content of arterial blood (19) . The main sites of EPO formation are the kidneys and to a lesser extent the liver. The major control of EPO formation has been shown to operate at the level of its mRNA (6, 8, 13, 33) . However, the mechanisms through which changes in oxygen availability determine EPO mRNA levels are incompletely understood.
The findings that isolated perfused kidneys respond to hypoxia with an increase in EPO mRNA levels (30) and EPO production (29, 32) indicate that principal components of the oxygen-sensing mechanisms which govern EPO formation are located in the kidney itself. This evidence cannot exclude, however, the existence of extrarenal factors modulating EPO formation in vivo. In fact, the observation that selective reduction of renal oxygen supply through constriction of renal arteries is only a minor stimulus for EPO formation has even led to the suggestion that extrarenal sites of oxygen sensing may play a predominant role in the control of EPO production (28).
Among possible pathways by which extrarenal signals might affect EPO formation in the kidneys, the efferent autonomous nervous system in particular has to be considered. In early experiments electrical stimulation of the hypothalamus was shown to cause an increase in EPO titers in rabbits (17, 18) and monkeys (25) , which led to the hypothesis that oxygen-sensitive cells in the hypothalamus may influence EPO production through humoral and nervous mechanisms (18) . Interestingly in this respect, inappropriately low EPO formation has recently been reported as cause of anemia in a patient with autonomic and sensory neuropathy (1, 2). More direct investigation, however, of the effects of renal innervation on EPO formation has so far been limited to studies based on the measurement of erythropoietic bioactivity in serum of animals exposed to hypoxia after bilateral renal nerve section, which have yielded conflicting results. Thus Beynon (7) reported increased EPO levels in rats exposed to 6 h of hypoxia 1 wk after bilateral renal denervation, whereas Fink and Fisher (14) found a reduction in EPO levels in similarly treated rabbits but no effect of renal denervation in rabbits exposed to hypoxia for 18 h.
In view of these inconsistencies we decided to study the effect of renal innervation on EPO formation by measuring EPO mRNA levels in kidneys of unilaterally denervated rats, which allows a direct intraindividual comparison in addition to comparison with sham-operated controls. To assess whether possible effects of renal nerve input are related to the type of hypoxic stimulus and the degree of stimulation, animals were investigated under basal conditions as well as after exposure to normobaric hypoxia or carbon monoxide and after acute hemorrhage.
MATERIALS AND METHODS
Animals. Male Wistar rats, weighing 180-250 g, were used in this study.
RenaZ deneruation. Animals were anesthetized with pentobarbital sodium (45 mg/kg). Left-sided renal denervation was performed according to the method of . The abdominal wall was opened along the midline, and the left renal artery and vein were exposed by carefully retracting the adipose tissue and the peritoneum. Mechanical denervation was carried out using an operation microscope by sectioning any visible nerve fiber penetrating the renal hilum and by stripping the adventitia from the renal artery. To destroy any remaining nerve fibers the artery was subsequently painted with a solution of 10% phenol in ethanol. After 5 min of exposure to that solution the artery was washed with isotonic saline. In shamoperated animals, the left artery and vein were exposed as described above but mechanical denervation and treatment with the phenol solution were not carried out.
Stimulation of EPO formation. Normobaric arterial hypoxia, functional anemia caused by carbon monoxide inhalation, or hemorrhagic anemia were used to stimulate EPO formation 7-10 days after denervation and sham operation, respectively. Littermates of the animals exposed to these stimuli were used for study of EPO formation under basal conditions. To achieve normobaric arterial hypoxia or functional anemia, three denervated animals together with three sham-operated controls were exposed for 4 h to atmospheres low in oxygen (8% 0,) or to normal air supplemented with carbon monoxide (0.1% CO) in a chamber gassed with appropriate mixtures of normal air and nitrogen or normal air and carbon monoxide. Within 15 min of completion of hypoxic exposure animals were killed by cervical dislocation. For induction of hemorrhagic anemia a catheter was inserted into the left carotid artery under brief anesthesia (methohexital sodium, 100 mg/kg) in three denervated and three sham-operated rats. Approximately 4, 3.5, 3, and 2.5 ml of blood were withdrawn from the catheters in hourly intervals and replaced with an equal volume of Ringer solution on the first, second, and fourth occasion and an equal volume of homologous plasma on the third occasion. Animals were killed 4 h after the last hemorrhage. Mean arterial blood pressure was monitored by a
Statham transducer connected to the arterial catheters before the first and fourth blood sampling and before the animals were killed. Immediately after the animals were killed, blood was sampled from the abdominal aorta for determination of serum EPO concentrations and hematocrits (microcentrifugation) and both kidneys were rapidly removed. After determination of wet weight, one-fourth of each kidney was frozen in liquid nitrogen for histochemistry and the remaining three-fourths were homogenized in 24 ml of guanidine thiocyanate (4 M) containing sarcosyl (0.5%), EDTA (10 mM), sodium citrate (25 mM), and mercaptoethanol(700 mM). Tissue homogenates were frozen at -80°C until preparation of RNA.
Histochemistry.
After coding of the kidney specimens, the completeness of denervation was ascertained in each animal using four different histochemical markers applied to &pm-thick sections cut in a cryostat. The activity of acetylcholinesterase was localized according to Karnovsky using acetylthiocholine iodide as substrate (20) for 20 h at 33,000 rpm on a cesium chloride gradient (5.7 M CsCl and 100 mM EDTA). After centrifugation RNA pellets were resuspended in 300 ~1 of 10 mM tris(hydroxymethyl)aminomethane and 1 mM EDTA containing 0.1% sodium dodecyl sulfate (SDS), precipitated with 3 M sodium acetate (0.1 vol) and ethanol (3 vol), and stored at -80°C before analysis. EPO mRNA was measured by ribonuclease (RNase) protection as previously described (30), with the use of a rat EPO probe containing 132 base pairs of exon V and -300 base pairs of the adjoining intron inserted into pSP 64 for generation of RNA transcripts. Transcripts were continuously labeled with [a-""P]GTP (410 Ci/mmol; Amersham International, Amersham, UK). For hybridization, total RNA was dissolved in buffer [80% formamide, 40 mM piperazine-N,N'-bis(2-ethanesulfonic acid), 400 mM NaCl, 1 mM EDTA, pH 81 and the RNA concentration was determined by measurement of optical density at 260 nm. The concentration was adjusted to yield 50-~1 samples containing 75 pg total RNA. Hybridization was performed overnight at 60°C with 0.7 X lo6 cpm radiolabeled EPO probe. RNase digestion with RNase A and Tl was carried out at 20°C for 30 min and terminated by the addition of proteinase K and SDS before purification of the protected fragments by phenol-chloroform extraction, ethanol precipitation, and electrophoresis on a denaturing 10% polyacrylamide gel. After autoradiography of the dried gel at -70°C protected EPO mRNA bands were excised from the dried gel and counting was performed using a liquid scintillation counter (1500 TriCarb, Packard Instrument, Downers Grove, IL). The number of counts per minute obtained from each EPO mRNA sample was divided by the quantity of total RNA analyzed and expressed relative to an external standard consisting of 5 pg pooled RNA extracted from the kidneys of severely anemic rats, which was run with each assay and assigned an arbitrary value of 1.0. The total organ quantity of EPO mRNA was calculated from the amount of RNA extracted from aliquots of the homogenate. Determination of serum EPO leuels. Serum EPO concentrations were determined by radioimmunoassay as described (12), with the use of a rabbit antiserum raised against pure recombinant human EPO and iodinated recombinant human EPO (Amersham) as tracer. A rat serum pool enriched in EPO was prepared by exposing donor animals to hypoxia and was used as standard after calibration against the II International Reference Preparation by in vivo bioassay (12).
Statistics. Student's paired and unpaired t test were used for comparison of groups. P < 0.05 was considered significant.
RESULTS
Adequacy of unilateral renal denervation. In all the animals studied, adequacy of renal denervation was assessed by means of histochemistry. In intact kidneys acetylcholinesterase activity was detected in the large nerves along the arcuate and cortical radiate arteries as well as in the renal pelvis. As shown in Fig. 1, A and B, the presence of neuropeptide Y was revealed additionally in thinner nerve fibers throughout the kidney. Besides the large arteries, their most prominent localization was along the glomerular afferent arterioles. A similar distribution was observed for dopamine ,O-hydroxylase and choline acetyltransferase. In denervated kidneys all four nerve markers were undetectable except for occasional weak reaction for acetylcholinesterase in the renal pelvis. Measurements of hematocrit, blood pressure, and serum EPO concentration. Unilateral denervation and acute exposure to normobaric hypoxia or carbon monoxide had no effect on hematocrit values (not shown). In animals subjected to hemorrhagic anemia hematocrit values decreased from 40.8 t 0.5% before bleeding to 19.3 t 0.2% after 3 h and to 12.7 t 0.5% after 7 h, when the animals were killed (mean t SE, n = 6). This acute anemia was accompanied by a marked reduction in mean arterial blood pressure from 124.5 t 4.4 mmHg to 99.2 t 2.7 after 3 h and to 73.2 t 26.4 after 7 h (mean t SE, n = 6). The drop in blood pressure indicates that, as expected, the volume replacement which was mainly performed with Ringer solution, was not isovolemic and consequently a strong sympathetic stimulation can be assumed in this situation.
Serum EPO levels of sham-operated and denervated animals under basal conditions and after stimulation with normobaric hypoxia, carbon monoxide, and hemorrhagic anemia are given in Table 1 . Under the three stimuli, serum EPO concentrations increased ~22-, 49-, and 48-fold, respectively. Under both unstimulated and stimulated conditions there was no significant difference in EPO levels between unilaterally denervated rats and sham-operated controls.
Measurements of EPO mRNA. Kidney weights and the total RNA content of the kidneys, calculated from the amount of RNA extracted from aliquots of homogenate derived from known weights of tissue, are shown in Table   2 . It is apparent that renal denervation had no effect on either parameter.
To investigate the effect of renal denervation on EPO mRNA levels, 75 pg of total RNA of each kidney were analyzed by RNase protection. Figure 2 shows four autoradiographs obtained with RNA from animals under basal conditions (A), after 4-h exposure to normobaric hypoxia (B), after 4-h exposure to carbon monoxide (C), and after hemorrhagic anemia (D). These autoradiographs were exposed for different time periods to reduce differences in signal intensity between the four different conditions. This becomes evident when considering the signal intensity from an external standard, an equal amount of which was coanalyzed on each of the three gels. The protected EPO mRNA band in each denervated kidney was of similar intensity to that from its intact fellow, suggesting that renal denervation had no appreciable effect on renal EPO mRNA production. This was confirmed by quantification of EPO mRNA levels by scintillation counting of protected EPO mRNA fragments excised from the dried polyacrylamide gels. Sample counts obtained were expressed relative to the external standard run with each assay, and the values thus obtained were used to derive estimates, in arbitrary units, of the level of EPO mRNA per microgram of total RNA in each kidney, illustrated in Fig. 2 under normobaric hypoxia, 879 t 76 under carbon monoxide, and 792 t 112 under hemorrhagic anemia; mean t SE, n = 6). Because the total RNA content of each denervated kidney was not significantly different from its intact fellow (Table Z) , this also indicates that the total amount of EPO mRNA in each kidney was not affected by denervation.
DISCUSSION
The kidney, relative to its size, is known to have a richer innervation than almost any other organ (4, 16). Renal nerves are both afferent and efferent fibers, but most fibers are efferent, and they accompany intrarenal blood vessels (4, 16). Numerous neurotransmitters have been detected in the kidneys, including, for example, norepinephrine, dopamine (4, 16), neuropeptide Y (31), and calcitonin gene-related peptide (23). The distribution of renal nerve fibers in the cortical labyrinth along intrarenal arteries and in particular afferent arterioles was also seen in this study in intact kidneys by use of immunohistochemistry for neuropeptide Y (Fig. 1 ) and the neural enzymes dopamine ,&hydroxylase or choline acetyltransferase, whereas acetylcholinesterase was mainly apparent along arcuate and cortical radiate arteries. Others have provided additional evidence for a direct tubular innervation in the renal cortex in rat (3), monkey (27), and dog (9) By use of in situ hybridization, EPO-producing cells have been identified in the peritubular space of the renal cortex (22, 24) and in particular in the cortical labyrinth (unpublished observations). In this location, these cells could possibly be direct targets of neurotransmitter release. Furthermore, alterations in renal nerve activity are known to affect renal blood flow as well as renal excretory function (4, 16) and could therefore theoretically have an indirect influence on EPO formation through changes in renal oxygen supply or consumption (11). Our results show, however, that renal EPO mRNA levels are essentially unchanged in denervated kidneys (Figs.  2 and 3 ). This lack of an effect of renal denervation was observed over an -15O-fold range of renal EPO mRNA levels regardless of whether the animals were kept under normoxic or hypoxic conditions. Moreover, under hypoxic conditions, denervation had no effect on EPO mRNA levels regardless of whether the oxygen content of blood was lowered in the presence of a normal red cell mass through a reduction in oxygen saturation (normobaric hypoxia) or oxygen carrying capacity (carbon monoxide) or through a true reduction in red cell mass (hemorrhagic anemia). In fact the intraindividual variability in EPO mRNA levels in paired kidneys of both unilaterally denervated and sham-operated animals was rather low and less than the interindividual variability in renal EPO mRNA levels of animals studied under the same conditions. Denervation was performed by a standard technique combining mechanical dissection and chemical destruction of nerve fibers entering the renal hilum (5), and animals were studied 7-10 days after the operation, since functional reinnervation has been reported to occur after 2 wk (21). Furthermore, in each animal neural degeneration after denervation was confirmed by the failure to detect neuropeptide Y (Fig. 1) and three different neural enzymes, dopamine ,&hydroxylase, choline acetyltransferase, and acetylcholinesterase, by means of immunohistochemistry.
In view of these controls it therefore appears that renal innervation does not play a permissive or direct modulatory role in the oxygendependent control of EPO mRNA levels, even under a condition of strong sympathetic activation, as in the animals studied after severe hemorrhage.
The lack of an effect of renal denervation in the latter group further suggests that neural effects on vascular tone in the presence of severe hemodynamic alterations also do not exert a significant indirect influence on EPO mRNA accumulation. Although we could not directly measure EPO release from denervated and control kidneys, the available evidence under all conditions tested so far indicates that EPO production is directly determined by changes in EPO mRNA levels (6, 8, 13, 33) , which suggests that EPO production in the denervated kidney is in fact unchanged under the conditions investigated. Because we have not measured parameters of renal excretory function, any conclusion regarding the role of renal hemodynamics and tubular function for EPO formation is difficult to draw from these observations.
We have previously suggested on the basis of experiments with diuretic drugs that EPO formation is related to proximal tubular function (ll), and because acute renal denervation has been found to reduce proximal tubular absorption (4,16), this effect per se might have lead to a reduction of EPO production. The observation that EPO mRNA levels were, however, unchanged indicates that such an inhibitory influence was either not of significant magnitude under the conditions used or counterbalanced, e.g., through hemodynamic alterations or direct effects of the lack of neurotransmitter release.
Our findings corroborate previous observations in patients after renal transplantation in whom evidence was obtained for an intact feedback regulation between EPO levels and hematocrit values as long as the graft was functioning (10, 26) . Although in this clinical setting the contribution of the endogenous diseased kidneys and extrarenal sites to changes in serum EPO levels cannot be excluded with certainty, the present investigation clearly supports the ability of transplanted denervated kidneys to regulate EPO production appropriately.
Regarding the oxygen-sensing mechanisms that govern EPO production in the kidney and their signaling pathway, our experiments would indicate that any extrarenal influence on them, if present, would have to be humoral. The possibility remains, for example, that increased sympathetic activity affects EPO production through circulating catecholamines, as suggested previously by Fink et al. (14, 15 
